We report the study of microsolvated CN − ͑H 2 O͒ n ͑n =1-5͒ clusters in the gas phase using a combination of experimental and computational approaches. The hydrated cyanide clusters were produced by electrospray and their structural and energetic properties were probed using temperature-controlled photoelectron spectroscopy ͑PES͒ and ab initio electronic structure calculations. Comparison between the low temperature ͑LT,T= 12 K͒ and the room-temperature ͑RT͒ spectra shows a 0.25 eV spectral blueshift in the binding energy of the n = 1 cluster and a significant spectral sharpening and blueshift for n = 2 and 3. The experimental results are complemented with ab initio electronic structure calculations at the MP2 and CCSD͑T͒ levels of theory that identified several isomers on the ground state potential energy function arising from the ability of CN − to form hydrogen bonds with water via both the C and N ends. In all cases the N end seems to be the preferred hydration site for the water network. The excellent agreement between the low temperature measured PES spectra and the basis set-and correlation-corrected ͓at the CCSD͑T͒ level of theory͔ calculated vertical detachment energies, viz., 3.85 versus 3.84 eV ͑n =0͒, 4.54 versus 4.54 eV ͑n =1͒, 5.20 versus 5.32 eV ͑n =2͒, 5.58 versus 5.50 eV ͑n =3͒, and 5.89 versus 5.87 eV ͑n =4͒, allow us to establish the hydration motif of cyanide. Its microsolvation pattern was found to be similar to that of the halide anions ͑Cl − , Br − , and I − ͒ as well as other diatomic anions having cylindrical symmetry such as NO − , resulting to structures in which the ion resides on the surface of a water cluster. The exception is CN − ͑H 2 O͒ 2 , for which one water molecule is bound to either side of the anion resulting in a quasilinear structure. For the n = 3 cluster the anion was found to freely "tumble" on the surface of a water trimer, since the inclusion of zero-point energy even at T = 0 K stabilizes the configuration of C 3 symmetry with respect to the one having the anion tilted toward the water cluster. For n = 4 this motion is more restricted since the corresponding barrier at RT is 1.2 kcal/mol. It is also possible that at RT other isomers ͑lying within ϳ0.6 kcal/ mol above the global minima͒ are also populated, resulting in the further broadening of the PES spectra.
I. INTRODUCTION
Gaseous clusters with a controlled number of solvent molecules are ideal model systems for providing a fundamental understanding of solute-solvent and solvent-solvent interactions at the molecular level. Cyanide ͑CN − ͒ is an important complex anion, present ubiquitously in solutions and solids, and has wide applications in coordination chemistry and materials science.
1 Extensive studies on the thermodynamic and spectroscopic properties of the bare CN − , 2-5 its molecular properties in crystals, 6, 7 and the dynamics of vibration energy transfer in solutions [8] [9] [10] [11] [12] have been previously reported. Its hydration and clustering with HCN have been investigated using high-pressure mass spectrometric equilibrium methods, [13] [14] [15] [16] as well as theoretical calculations. lecular level is still limited. 22 Clearly, such information is desirable in order to understand its physical properties and chemical processes in condensed environments.
Gas phase spectroscopic studies of solvated clusters are an important vehicle that can be used to obtain microscopic insights into the solution phase. [23] [24] [25] [26] [27] [28] [29] [30] [31] The structures and energetics of hydrated clusters with the first few water molecules are of particular importance since they provide quantitative information of the delicate balance between the ion-water and water-water interactions and can serve as prototypes to understand larger clusters and the behavior of the ions in the bulk. Many gas phase techniques, ion cooling schemes, as well as theoretical methods have been previously developed in order to investigate solvated species of primarily simple, [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] as well as diatomic solute ions. [35] [36] [37] [38] [39] [40] The electrospray ionization ͑ESI͒ technique has allowed recent advances in the investigation of more complex ions. [41] [42] [43] [44] [45] Lowtemperature and temperature-dependent studies are particularly valuable for the study of the solvation of complex ions. These studies can eliminate hot bands and stabilize weakly bound species or different conformers, 46, 47 as well as unravel critical entropic effects and isomer populations as a function of temperature. 44, 45 In contrast to previous extensive experimental and theoretical studies of the Cl − ͑H 2 O͒ n clusters, [30] [31] [32] [33] [34] and recent pioneering works on hydrated diatomic anionic clusters such as O 2 − , 35, 36 NO −37 , and Cl 2 − , 38 gas phase spectroscopic studies of CN − ͑H 2 O͒ n clusters have been very limited. 22 The study of CN − ͑H 2 O͒ n clusters can yield details about the microscopic molecular interactions between CN − and H 2 O, providing a case for comparison with the solvation motifs of the halide and other diatomic anions.
Very recently we have reported a photoelectron spectroscopy ͑PES͒ study of the CN − ͑H 2 O͒ monohydrate at T=12 K ͑LT͒ and room temperature ͑RT͒, and observed a surprisingly large spectral redshift of 0.25 eV at RT. 22 The accompanying analysis of the potential energy function ͑PEF͒ using ab initio calculations suggested that the water rocking ͑relative to CN − ͒ mode becomes accessible at RT. Thus the RT spectrum reflects, on average, a detachment process close to the transition state ͑CN − bisecting the H-O-H angle͒ relative to that from the C s global minima ͑CN − interacting with one H of H 2 O moiety͒, giving rise to the experimentally observed spectral shift. Interestingly, a similar mechanism can be used to interpret the apparently different infrared action spectra of Cl − ͑H 2 O͒ reported earlier by Okumura et al. at RT ͑Ref. 30͒ and by Johnson et al. at low temperatures. 31 In these studies, similar vibrational frequencies were observed, but the respective intensities were completely different due to the fact that the clusters can access different parts of the PEF at different temperatures.
In this paper we extend our previous joint experimental/ theoretical study of the CN − ͑H 2 O͒ monohydrate to the larger CN − ͑H 2 O͒ n , n =2-5, clusters. PES spectra were obtained at two temperatures ͑T=12 K and RT͒ for the n =1-3 clusters and at T = 12 K for the n = 4 and 5 clusters. The comparison between the LT and RT spectra revealed a significant spectral sharpening for n = 2 and 3, in addition to the spectral blueshift previously reported for n =1. 22 High level ab initio calculations at the MP2 and CCSD͑T͒ levels of theory identified the global minimum for each cluster and suggested two sets of close lying isomers corresponding to CN − ͑H 2 O͒ n and NC − ͑H 2 O͒ n with the N and C ends primarily interacting with a water cluster, respectively. The calculated vertical detachment energies ͑VDEs͒ are found to be sensitive to the cluster structures, and the calculated VDEs of the global minima are in excellent agreement with the measured experimental data at LT. The observed spectral broadening on the low binding energy side for n = 2 and 3 at RT are attributed to the population of low-lying isomers that have lower VDEs. The solvation pattern of CN − is compared and discussed with reference to hydration patterns of Cl − and other diatomic anions.
II. EXPERIMENTAL AND THEORETICAL METHODS

A. Photoelectron spectroscopy
The LT PES spectra of the CN − ͑H 2 O͒ n , n =1-5, clusters were obtained with a recently developed apparatus that couples an ESI source to a temperature-controlled Paul trap ͑10-350 K tunable range͒ and a magnetic-bottle time-offlight ͑TOF͒ photoelectron spectrometer. 48 The RT experiment on the bare and small cluster anions ͑n =0-3͒ was carried out using an ESI-PES instrument that has been described in detail elsewhere. 49 The solvated CN − ͑H 2 O͒ n , n =0-5, clusters were generated via electrospray from a 0.1 mM NaCN acetonitrilic aqueous solution ͑3:1 v/v͒. The resulting ions were guided by two rf-only quadrupole devices and then bent by 90°into a temperature-controlled threedimensional Paul trap, where they were accumulated and cooled down before being pulsed into the extraction zone of a TOF mass spectrometer. In the current study the lowest temperature of 12 K was used. Studies at other intermediate temperatures are possible and will be pursued in the future.
In the subsequent PES experiments the clusters were mass-selected and decelerated before being detached by a 193 nm ͑6.424 eV͒ ArF excimer laser for the solvated clusters and a 266 nm ͑4.661 eV͒ Nd:YAG ͑neodymium-doped yttrium aluminum garnet͒ laser for the bare ion in the interaction zone of a magnetic-bottle photoelectron analyzer. The laser was operated at a 20 Hz repetition rate with the ion beam off on alternating laser shots for background subtraction. Photoelectrons were collected at nearly 100% efficiency by the magnetic bottle and analyzed in a 5.2 m long electron flight tube. TOF photoelectron spectra were collected and converted to kinetic energy spectra calibrated using the known spectra of I − and ClO 2 − . The electron binding energy spectrum reported herein was obtained by subtracting the kinetic energy spectrum from the detachment photon energy. The energy resolution ͑⌬E / E͒ of the magnetic-bottle electron analyzer was 2% ͑i.e., 20 meV for 1 eV electrons͒.
B. Electronic structure calculations
We anticipate that there would be different theoretical requirements as regards to the level of ab initio theory needed to obtain ͑i͒ the relative energetics of the various cluster isomers and therefore be able to predict the global minimum for each cluster and ͑ii͒ the corresponding VDEs, which can be directly compared with the experiment, as the latter involve additional calculations on the PEF of the neutral CN͑H 2 O͒ n clusters. Given the fact that extensive searches on multidimensional PEFs are needed to determine the isomers of clusters of CN − with as many as 5 water molecules, it is desirable to use a lower level of theory for the geometry optimizations and subsequently correct the relative energetics and VDEs at a higher level of theory. In our previous study 22 we have used the experimentally obtained VDEs for CN − and the monohydrate CN − ͑H 2 O͒ cluster as benchmarks in order to calibrate the accuracy of different levels of ab initio theory that included the second order Moller-Plesset ͑MP2͒ and coupled-cluster singles and doubles with perturbative estimate of triple excitations ͓CCSD͑T͔͒ in conjunction with the family of augmented correlation consistent basis sets, aug-cc-pVnZ ͑n =D, T, Q͒ of Dunning and co-workers. 50 The results of our previous study for the n =0,1 clusters suggested that ͑i͒ the calculated VDEs increased monotonically with the size of the basis set at both the MP2 and CCSD͑T͒ levels of theory, ͑ii͒ the CCSD͑T͒ method produces very accurate VDEs: the results obtained at the CCSD͑T͒/aug-cc-pVQZ level of theory are within 0.02 eV from the experimentally measured ones, ͑iii͒ the MP2 method overestimates the experimentally measured VDEs by as much as 0.5 eV: the results obtained at the MP2/aug-ccpVQZ level overestimated the experimental ones by ϳ0.5 eV and finally ͑iv͒ the CCSD͑T͒/aug-cc-pVDZ VDEs are 0.2 eV smaller than the experimentally measured values and/or the CCSD͑T͒/CBS limit ͓since CCSD͑T͒ numbers converge from below, see point ͑i͔͒, whereas the MP2/augcc-pVDZ VDEs are ϳ0.3 eV larger than experiment ͑since MP2 overestimates the VDEs, see points ͑i͒ and ͑iii͔͒.
Given those findings we have adopted the following computational strategy: for n = 2 all minima ͑isomers͒ were fully optimized at both the MP2 and CCSD͑T͒ levels of theory with the aug-cc-pVDZ basis set. For n =3,4, the minima were optimized at the MP2/aug-cc-pVDZ level and subsequent single point energy calculations were run at the CCSD͑T͒/aug-cc-pVDZ level at the MP2 optimal geometries. All MP2 calculations were performed with the Gaussian 98 suite of codes, 51 whereas all CCSD͑T͒ calculations were carried out with the NWCHEM suite of electronic structure codes. 52 All open-shell coupled-cluster calculations, needed for the calculation of the VDEs ͑calculated as the energy difference between the optimized anionic structure and that of the corresponding neutral at the anionic geometry͒, were based on a doublet restricted open-shell HartreeFock reference with the core electrons being frozen. These calculations were performed using the tuned Tensor Contraction Engine ͑TCE͒ ͑Ref. 53͒ implementation of the CCSD ͓Ref. 54͑a͔͒ and CCSD͑T͒ approaches 54͑b͒ implemented within the NWCHEM suite of electronic structure codes. 52 Zero-point energy ͑ZPE͒ corrections were estimated at the harmonic approximation.
III. EXPERIMENTAL RESULTS
A. ESI mass spectrum
The CN − ͑H 2 O͒ n ͑n =0-6͒ clusters were generated via spraying of a 0.1 mM NaCN aqueous acetonitrilic solution.
The source conditions, particularly the water vapor pressure, and a series of electrostatic ion-optical lens voltages along the ion transport path were optimized to maximize each species. Figure 1 shows a typical TOF mass spectrum optimized for n = 4. Overall, the intensity of the hydrated species is weak, especially for the larger ͑n Ն 6͒ clusters.
B. Low temperature photoelectron spectra
The T = 12 K PES spectra of CN − ͑H 2 O͒ n ͑n =1-5͒ at 193 nm are shown in Fig. 2 ͑blue͒. The spectrum for n =1 was published earlier 22 but is included here for completeness. The 266 nm spectrum of bare CN − is also included with a measured peak position of 3.85 eV, compared with 3.862 eV from a previous high-resolution study.
2 The CN − spectrum confirmed the proper calibrations under which the hydrated cluster spectra were taken. The PES spectra of all FIG. 1. TOF mass spectrum of CN − ͑H 2 O͒ n , n =1-6, generated via the electrospray of a 10 −4 M NaCN in H 2 O / CH 3 CN ͑1/3 volume ratio͒ solution.
FIG. 2. Photoelectron spectra of CN − ͑H 2 O͒ n at 266 nm ͑4.661 eV, n =0͒, 193 nm ͑6.424 eV, n =1-5͒ under RT ͑red͒, and T = 12 K ͑blue͒ trap temperatures. The calculated VDEs at the CCSD͑t͒/aug-cc-pVQZ ͑n =0,1͒ and basis-set-corrected CCSD͑t͒/aug-cc-pVDZ ͑n = 2, 3, and 4͒ are shown as vertical broken lines in blue and red for the global minima and the low-lying isomers, respectively. The spectra of n = 1 was published earlier ͑Ref. 22͒ and it is included here for completeness. species are similar, each exhibiting one strong peak with monotonically increased binding energy as the cluster size increases. For n = 5 this feature is only partially observed due to the photon energy limit ͑6.424 eV͒ and a systematic spectral shift to higher electron binding energies. The relatively weak feature at ϳ5.7 eV observed for n = 1 is due to the transitions to the excited states of the neutral. 22 This feature is missing for all larger clusters, except from the RT spectrum of the n = 2 cluster, because of the expected high binding energies. The apparent broadening of the spectral width for the clusters compared with the atomiclike transition for the bare CN − anion is due to solvent relaxation upon electron detachment.
The solvation effect and the solvent stabilization are manifested as the spectrum of each species systematically shifts to high binding energies with increasing n. The VDEs measured from the T = 12 K spectra are 4.54, 5.20, 5.58, 5.89, and 6.09 eV for n =1-5 ͑Table I͒, yielding stepwise stabilization energies ͓defined as ⌬VDE͑n͒ = VDE͑n͒ − VDE͑n −1͔͒ of 0.69, 0.66, 0.38, 0.31, and 0.2 eV for n =1-5, respectively. The first two water molecules are found to induce a much more significant stabilization effect on CN − than the additional water molecules. As we reported previously, 22 the major observation of the RT spectrum of the n = 1 cluster is a large spectral redshift of ϳ0.25 eV, while the spectral width is only marginally broader. This spectral shift originates from the accessibility of the water rocking vibrational hot bands at RT. Therefore the RT spectrum largely reflects a detachment process from configurations resembling the transition state rather than the global minimum ͑the latter being the case for LT͒. In contrast, the RT spectra of the CN − ͑H 2 O͒ 2 and CN − ͑H 2 O͒ 3 clusters show significant spectral broadening to the low binding energy side besides sizable spectral redshifts ͑ϳ0.10, and 0.08 eV for n = 2, and 3, respectively, cf. Table  I͒ , while the edges at the high binding energy side remain largely unaffected when compared with the LT spectral features.
IV. THEORETICAL RESULTS
First principles electronic structure calculations were performed in order to identify the various cluster isomers and compute the corresponding VDEs in order to compare with the experimental spectra. We have recently reported extensive theoretical calculations for CN − and the CN − ͑H 2 O͒ cluster at the MP2 and CCSD͑T͒ levels of theory using the family of augmented correlation consistent ͑aug-cc-pVnZ, n =D, T, and Q͒ basis sets. 22 For the larger ͑n Ն 2͒ clusters, we have started the geometry optimizations from several chemically different structures in order to locate the various minima without using any symmetry. The total binding energies of the n =1-4 clusters are listed in Table II . The corresponding optimized structures of the global and the low-lying local Table I along with the experimental data for comparison. In the following we discuss the structural motifs of the n =2-4 clusters.
A. CN − "H 2 O… 2
Three low-lying isomers are identified for this species ͑Fig. 3͒. The global minimum corresponds to a structure that optimizes the CN − interactions with one H atom of the first water molecule via the N end and with another H atom of the second water molecule via the C end, resulting in an overall linear structure ͑2-I͒, in which no water-water hydrogen bonding exists and the two free OH bonds are in the trans position. The calculated VDE for the linear isomer ͓structure ͑2-I͔͒ at the CCSD͑T͒/aug-cc-pVDZ level is 5.10 eV, just 0.1 eV smaller than the experimental result of 5.20 eV ͑Table I and Fig. 2͒ . In contrast, the MP2/aug-cc-pVDZ VDE is 0.39 eV higher than the experimental value. This is consistent with our previous finding for the CN − and the CN − ͑H 2 O͒ cluster, 22 that has been noted as point ͑iv͒ previously in Sec. II B. Furthermore the CCSD͑T͒/aug-cc-pVDZ//MP2/aug-ccpVDZ VDE ͑i.e., the CCSD͑T͒ VDE computed at the MP2 geometry͒ is 5.12 eV, just 0.02 eV away from the value obtained upon full geometry optimization at the CCSD͑T͒ level. This suggests that the use of MP2 geometries to obtain VDEs at the CCSD͑T͒ level by single point calculations yields quite accurate results because there is no appreciable geometry changes seem to occur upon going from MP2 to CCSD͑T͒. The next low-lying isomer ͑2-II͒, which is 0.61 kcal/mol higher in energy than the ͑2-I͒ global minimum, corresponds to a cyclic structure where two water molecules each form one O -H¯N with CN − , as well as one interwater H-bond with one water molecule as the donor and the other as the acceptor ͑Fig. 3͒. The third isomer ͑2-III͒, which is 1.47 kcal/mol higher in energy than the global minimum, has an overall similar structure as ͑2-II͒ but with the CN − interacting with the two water molecules via the C end forming O-H¯C hydrogen bonds. The CCSD͑T͒/aug-cc-pVDZ calculated VDEs are 4.84 eV ͑2-II͒ and 5.00 eV ͑2-III͒, respectively. There are also minimal changes ͑Ͻ0.03 eV͒ upon using the MP2 optimal geometries as was the case for the global minimum. The VDEs for the higher lying isomers ͑2-II͒ and ͑2-III͒ are both smaller than that of the global minimum ͑2-I͒. These results are consistent with the fact that the global minimum ͓isomer ͑2-I͔͒ has a VDE that is closer than those for the other two isomers to the experimentally measured value when corrections for a larger basis set and electron correlation at the CCSD͑T͒ level are taken into account.
B. CN
− "H 2 O… 3 For this cluster we identified five minima ͑shown in Fig.  4͒ that are the consequence of the balance between solventsolvent and ion-solvent interactions. The global minimum ͑3-I͒ adopts a three-water ring motif, with every water molecule acting as both a donor and an acceptor to its neighbor. The water portion of the global minimum resembles the ͑uuu͒ local minimum 55 ͑all "free" H atoms on the same side of the plane defined by the three Oxygen atoms͒ of the water trimer, 56 a water network that was first reported for the structure of the H − ͑H 2 O͒ 3 cluster 57 and subsequently for the Cl − ͑H 2 O͒ 3 ͑Ref. 33͒ and OH − ͑H 2 O͒ 3 ͑Ref. 58͒ clusters. The CN − ion lies almost parallel to the plane of the three Oxygen atoms and the structure having C 3 symmetry is a first order transition state ͑TS3-I in Fig. 6 , N atom toward the water cluster͒ with an imaginary frequency of 46.4 cm −1 ͑E symmetry͒ that lies 0.4 kcal/mol above the global minimum 3-I. However, inclusion of zero-point energy corrections suggests that ͑even at T = 0 K͒ transition state TS3-I is 0.03 kcal/mol below 3-I. Furthermore at T = 298 K the enthalpy of the TS3-I configuration is 0.86 kcal/mol below that of 3-I. The corresponding TS3-II ͑C atom toward the water cluster, cf. Fig. 6͒ , which also has C 3 symmetry, lies 1.47 kcal/mol above 3-I on the PEF. When accounting for zero-point energy corrections, this difference reduces to 0.93 kcal/mol, whereas at T = 298 K to 0.10 kcal/mol ͑3-I still lower in energy͒. These results suggest that there is a large amplitude vibration for the "tumbling" of CN − on the surface of the water network for this cluster.
The next two isomers, ͑3-II͒ and ͑3-III͒, which are 0.60 and 1.36 kcal/mol higher in energy relative to the ͑3-I͒ global minimum, correspond to structures that have a different water network with respect to the homodromic 59 donor-acceptor ͑da͒ one found in the global minimum and the ion interacts with the water network via the N end. Two other isomers, labeled as ͑3-IV͒ and ͑3-V͒ in Fig. 4 and lying 1.40 kcal/mol and 1.62 kcal/mol above the global minimum, respectively, have the same water network with isomer ͑3-II͒ and ͑3-III͒, but differ in the fact that the ion interacts with the water network via the C end. The fact that those isomers lie higher in energy than ͑3-II͒ and ͑3-III͒ is consistent with the finding for the n = 2 isomers, namely, that the CN − ͑H 2 O͒ 2 isomer is more stable than the NC − ͑H 2 O͒ 2 species. In isomer ͑3-II͒ the three water molecules form a ͑dЈd-adЈa-ddЈ͒ network whereas in isomer ͑3-III͒ the arrangement is ͑dЈa-dd-adЈ͒, where ͑dЈ͒ denotes a hydrogen bonding donor to the ion. The finding that the homodromic ͑da-da-da͒ network of isomer ͑3-I͒ is associated with the global minimum is consistent with the fact that it maximizes cooperativity, 59 whereas the energy ordering of isomers ͑3-II͒ and ͑3-III͒ is consistent with the observation that the more stable of the two ͑3-II͒ has an additional number of the stronger ion-water hydrogen bonds than the less stable one ͑3-III͒. A quantitative analysis of the relative energetics of these different networks can be performed by evaluating the individual two-, three-, and four-body terms, 60 involving the various moieties in the clusters. 33, 58 However, this analysis goes beyond the scope of the present study, especially given the fact that the networks for ͑3-II͒ and ͑3-III͒ correspond to higher-lying isomers.
The experimental VDE of the n = 3 cluster is 5.58 eV obtained from the T = 12 K spectrum ͑Fig. 2͒. The calculated VDE of the global minimum ͑pyramidal isomer 3-I͒ is 5.74 eV at the MP2/aug-cc-pVDZ level. The use of a larger basis set will increase the calculated VDE, moving it away from the experimental value, since MP2 as a method overestimates this quantity ͓see point ͑iii͒ in Sec. II B͔. Consistent with the results for the smaller clusters, the CCSD͑T͒/augcc-pVDZ//MP2/aug-cc-pVDZ VDE is 5.30 eV, which is 0.28 FIG. 6 . Optimized structures and relative energies ͑kcal/mol͒ including zero-point energy corrections ͑in parentheses͒ for the symmetric transition states of the n =3 ͑TS3-I and TS3-II͒ and n =4 ͑TS4-I and TS4-II͒ clusters at the MP2/aug-cc-pVDZ level of theory. Enthalpy differences ͑kcal/mol͒ at T = 298.15 K are also indicated in bold. The relative energetics are computed with respect to the most stable 3-I and 4-I isomers, respectively.
smaller than the experimental value. In addition, the corresponding VDE for structure TS3-I ͑which becomes the global minimum after zero-point energy corrections and is further stabilized at RT͒ is 5.29 eV, i.e., almost ͑within 0.01 eV͒ identical to the value for the 3-I isomer. When taking into account the ϳ0.2 eV increase in the VDE due to the basis set incompleteness at the CCSD͑T͒ level, we estimate that the CCSD͑T͒/CBS value for both the 3-I and TS3-I configurations would lie within Ͻ0.1 eV from experiment. The MP2/aug-cc-pVDZ VDEs of isomers ͑3-II͒ and ͑3-III͒ are almost identical ͑5.65 and 5.67 eV͒, both being about 0.1 eV smaller than that of the global minimum ͑isomer 3-I͒. As regards the two higher lying isomers ͑3-IV͒ and ͑3-V͒, their MP2/aug-cc-pVDZ VDEs are computed at 5.81 and 5.82 eV, respectively. Therefore the broadening of the experimental peak toward low energy at RT can be rationalized in terms of the sampling of the 3-I, TS3-I ͑and possibly TS-II͒ configurations as well as those of isomers 3-II and 3-III.
C. CN
− "H 2 O… 4 We identified three minima on the PEF of the CN − ͑H 2 O͒ 4 cluster. The lowest energy structure ͑4-I͒ corresponds to the CN − interacting with a four water homodromic ring network in which each water molecule acts both as a donor and an acceptor to neighbors, resembling the structure of the gas phase water tetramer 56 ͑Fig. 5͒. As in the n = 3 case the CN − anion lies almost parallel to the plane of the four Oxygen atoms. The two structures with C 4 symmetry ͑TS4-I and TS4-II in Fig. 6 , having the N and C ends toward the water network͒ are both first order transition states with imaginary frequencies of 70.3 ͑E͒ and 26.0 cm −1 ͑E͒, respectively. TS4-I lies 2.52 ͑1.79 with ZPE corrections͒ kcal/ mol above 4-I, whereas TS4-II lies 4.13 ͑3.20͒ kcal/mol above 4-I. The corresponding enthalpy differences of the transition states with respect to 4-I at T = 298 K are 1.16 ͑TS4-I͒ and 2.06 ͑TS-II͒ kcal/mol. Therefore, contrary to the n = 3 case, zero-point and temperature do not stabilize the symmetric structures with respect to the global minima and the large amplitude motion corresponding to the tumbling of CN − with respect to the water network is less evident.
The calculated VDE at the MP2/aug-cc-pVDZ level for 4-I is 6.14 eV, whereas the CCSD͑T͒/aug-cc-pVDZ//MP2/ aug-cc-pVDZ number is 5.67 eV. The latter is almost identical to the experimentally measured value of 5.89 eV when the basis set effect ͑ϳ0.2 eV͒ is accounted for at the CCSD͑T͒ level. The corresponding CCSD͑T͒/aug-ccpVDZ//MP2/aug-cc-pVDZ VDE for TS4-I is 5.55 eV, a value that is ϳ0.15 eV away from experiment when the basis set correction of ϳ0.2 eV effect is added. For the n =4 cluster we note that the difference in the VDEs between the asymmetric and C 4 configurations is 0.12 eV, much larger than the 0.01 value previously found for the corresponding configurations of the n = 3 cluster. The fact that the VDE of the global minimum ͑asymmetric configuration͒ is closer ͑within 0.02 eV͒ from experiment is consistent with the observed "quenching" of the tumbling of the CN − anion with respect to the water network.
The next isomer ͑4-II͒, which is 1.39 kcal/mol higher in energy, can be viewed as a three-water ring network interacting with the C end, while the fourth water molecule behaves like a double donor with one O -H¯N H-bond to CN − and the other O -H¯O H-bond to the three-water ring ͑4-II in Fig. 5͒ . A third isomer ͑4-III͒ lying 1.49 kcal/mol above the global minimum can be considered as having the same water network with isomer ͑4-II͒ but with the CN − rotated by 180°. The structures of the ͑4-II͒ and ͑4-III͒ isomers resemble the isomers labeled as "3 + 1" for the Cl − ͑H 2 O͒ 4 cluster. 33 The VDEs of the two isomers are computed at the MP2/aug-ccpVDZ level to be 6.32 and 6.24 eV, respectively, 0.18 and 0.10 eV larger than that of the global minimum ͑4-I͒.
V. DISCUSSION
A. Calculated electron binding energies of the global minima compared with the experiment
The electron binding energies of the hydrated CN − clusters directly reflect how this ion is solvated by the water molecules. Different structures and solvation environments are expected to give rise to different electron binding energies. Therefore, comparison of the calculated electron binding energies with the temperature-dependent PES spectra should provide information about the isomers populated at different temperatures and aid in identifying the global minimum structures. The calculated best values for the VDEs of the low-lying isomers of CN − ͑H 2 O͒ n ͑n =2-4͒ clusters are shown as broken vertical lines in Fig. 2 and listed in Table I . For the global minima the CCSD͑T͒/aug-cc-pVQZ for n =0,1 and the basis-set-corrected CCSD͑T͒ for n =2, 3, and 4 ͑obtained by adding 0.2 eV to the CCSD͑T͒/aug-cc-pVDZ result͒ VDEs are shown in blue whereas the ones for the higher lying isomers are indicated in red ͑for n =2͒ in Fig. 2 . Excellent agreement was observed between the best computed VDEs, 3.84 eV ͑n =0͒ and 4.54 eV ͑n =1͒, or the estimated VDEs for the larger clusters, 5.32 eV ͑n =2͒, 5.50 eV ͑n =3͒, and 5.87 eV ͑n =4͒, and the LT experimental values of 3.85 eV ͑n =0͒, 4.54 eV ͑n =1͒, 5.20 eV ͑n =2͒, 5.58 eV ͑n =3͒, and 5.89 eV ͑n =4͒, a result that lends considerable credence to the assignment of the lowest energy structures for each cluster. It also suggests that the CCSD͑T͒ level of theory is capable of accurately predicting the corresponding VDEs for this system as long as a large basis set is used. In addition, the agreement between the predicted CCSD͑T͒/ CBS limit VDEs and experiment lends further confidence to the scheme used to obtain those values for the larger clusters.
B. Hydration motifs of the CN
− "H 2 O… n clusters and comparison to Cl − "H 2 O… n and other aqueous diatomic anionic clusters Being a model diatomic closed-shell anion, CN − is known to be able to interact with water via either the N or C atom ends, resulting in the formation of two nearly isoenergetic isomers, namely, CN − ͑H 2 O͒ and NC − ͑H 2 O͒, respectively. 15, 17, 19, 22 Our recent joint PES and first principles electronic structure study 22 showed that the global minimum of the monohydrate corresponds to the CN − ͑H 2 O͒ isomer, which is just 0.2 kcal/mol lower in energy than the corresponding NC − ͑H 2 O͒ isomer at the CCSD͑T͒/aug-cc-pVQZ level of theory including ZPE corrections. This assignment was supported by the excellent agreement ͑within Ͻ0.01 eV͒ between the calculated VDE for the CN − ͑H 2 O͒ isomer and the experimental data, whereas the VDE of the NC − ͑H 2 O͒ isomer was 0.13 larger. Given the most stable arrangement of the CN − ͑H 2 O͒ cluster, an additional water molecule can either bind to the C end of cyanide or form a cyclic structure by hydrogen bonding to the existing water molecule. Our calculations suggest that the former bonding scenario prevails in CN − ͑H 2 O͒ 2 , resulting in isomer ͑2-I͒ as the global minimum, whereas the two isomers with interwater interactions ͑2-II and 2-III͒ lie 0.61 kcal/mol and 1.47 kcal/mol higher in energy. The structural motif observed for the n = 1 cluster is also observed for n = 2, namely, that the isomer in which the N end interacts with the water network ͑2-II͒ is lower in energy than the one in which the C atom interacts with the water network ͑2-III͒. It is interesting to note that in the case of the Cl − ͑H 2 O͒ 2 cluster the energetics of the two isomers are reversed with the highly symmetric linear structure lying 2.2 kcal/mol above the cyclic global minimum. 33 With the addition of the third water molecule we observe the onset of hydrogen bonding between water molecules and the stabilization of water networks in the cluster structures. Because both binding sites of CN − are occupied in isomer ͑2-I͒, it is not advantageous to build CN − ͑H 2 O͒ 3 based on ͑2-I͒. Instead, the lowest energy structure of CN − ͑H 2 O͒ 3 ͑isomer 3-I͒ can be viewed as generated by adding the third water to the two-water network of ͑2-II͒ to form a threewater ring homodromic network ͑"pyramidal base"͒, where each water both donates and accepts one hydrogen bond from its neighbors. However, there is a large amplitude motion that corresponds to the free tumbling of the CN − anion on the surface of the water cluster with the "average" structure having C 3 symmetry ͑TS3-I, cf. Fig. 6͒ . The next two low-lying isomers ͑3-II͒ and ͑3-III͒ can also be viewed to evolve from isomer ͑2-II͒ by adding a third water to form two extra water networks. Similarly, isomers ͑3-IV͒ and ͑3-V͒ are built starting from ͑2-III͒ and adding a third water to form water networks with different connectivity. Clearly, the water-water interactions prevail over the ion-water interaction when going from CN − ͑H 2 O͒ 2 to CN − ͑H 2 O͒ 3 . Similar structures corresponding to the ͑3-I͒ and ͑3-III͒ isomers of CN − ͑H 2 O͒ 3 are also found for Cl − ͑H 2 O͒ 3 .
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The global minimum and the two low-lying isomers of the CN − ͑H 2 O͒ 4 cluster all have clearly defined growth paths starting from isomer ͑3-I͒. Expanding the pyramidal waterring base from three to four molecules and optimizing the solute interaction with this base leads to the global minimum isomer ͑4-I͒. This configuration is not destabilized with respect to the TS4-I transition state of C 4 symmetry ͑as in the n = 3 case͒ although there is a similar trend of lowering the barriers at higher temperatures. On the other hand, having the three-water ring primarily interacting with one end of the CN − while the fourth water forms one H-bond with the other end of CN − and one interwater H-bond with the three-water ring yields isomers ͑4-II͒ and ͑4-III͒, respectively. Bonding configurations analogous to the ͑4-I͒ and ͑4-II͒ isomers were previously reported for the 37 reported earlier, since significant differences are found. In particular, no cyclic water networks were observed for the larger O 2 − ͑H 2 O͒ n ͑n =3,4͒ clusters, whereas cyclic water trimers were reported in NO − ͑H 2 O͒ 3 . This difference was rationalized, at least in part due to the different electron distributions of O 2 − and NO − , in terms of the presence or lack of cylindrical symmetry of the solvated anion. In the O 2 − ͑H 2 O͒ n there is no cylindrical symmetry and the in-plane ͑defined by the ion and the first solvating water molecule͒ ‫ء‬ orbital is singly occupied whereas the out-of-plane ‫ء‬ orbital is doubly occupied. In contrast, due to the cylindrical symmetry for the NO − ͑H 2 O͒ n system, both orbitals are singly occupied. If we put the present case in the previously discussed perspective, CN − is a closed shell anion with cylindrical symmetry of the electron distribution. Its hydrated clusters examined in the present study show a solvation motif that is similar to that previously found for the NO − ͑H 2 O͒ n clusters, i.e., there exist dual H-bonding sites and cyclic water networks appear. A distinct difference, with respect to NO − ͑H 2 O͒ n , in terms of the relative ordering of the low-lying isomers is also observed, i.e., the global minimum of CN − ͑H 2 O͒ 2 was found to be an open structure ͑2-I͒ with two individual H 2 O molecules solvating CN − from both ends, in contrast to a water dimerlike unit interacting with the solute ion previously reported for the NO − ͑H 2 O͒ 2 cluster ͑Ref. 37͒. Such a difference may also have an electronic origin since CN − is a closed shell ion whereas NO − is open shell one. A detailed study of the influence of the solutes electronic structure on the solvation morphology is certainly noteworthy to pursue.
C. Temperature effects and temperature-dependent isomer population
As shown in Fig. 2 , the spectra of the CN − ͑H 2 O͒ 2 and CN − ͑H 2 O͒ 3 clusters at RT are significantly broadened to the low binding energy side compared with the spectra at T = 12 K. The VDEs measured from the RT spectra are 0.10 eV and 0.08 eV smaller than those obtained from the 12 K spectra for n = 2 and 3, respectively ͑Table I͒. While it can be reasonably assumed that only the global minima are populated at T = 12 K, low-lying isomers can also have appreciable contributions to the RT spectra. The ͑2-II͒ and ͑3-II͒ isomers are both only 0.6 kcal/mol above the ͑2-I͒ and ͑3-I͒ global minima, respectively, and should have significant populations at RT. The calculated VDEs for isomers ͑2-II͒ and ͑3-II͒ are lower by 0.26 eV and 0.09 eV, respectively, from the corresponding values for the global minima of the n = 2 and n = 3 clusters. These values lie within the observed broadening on the low binding energy side of the PES spectra. In contrast, the other isomers ͑2-III͒, ͑3-III͒-͑3-V͒ with their relative energies being Ն1.36 kcal/ mol above the lowest energy configurations, are not expected to have appreciable contributions at RT. The excitation of accessible soft vibrational modes at RT, which is the main reason for the observed spectral shift in the n = 1 case ͑Ref. 22͒, may also contribute to the spectral broadening and the shifts for the larger n = 2 and 3 clusters in addition to the large amplitude motion for the tumbling of CN − on the surface of the water network found for n = 3 and to a lesser extend for n =4.
VI. CONCLUSIONS
We presented a joint ab initio electronic structure and photoelectron spectroscopic study on the hydration of the cyanide anion CN − ͑H 2 O͒ n , n =2-5. The hydration of the CN − and Cl − ions is found to have many common elements as CN − is considered to be a pseudohalide and has a similar polarizability and hydration energy with Cl
− . Yet distinct differences were also found due to the existence of multiple hydrogen bonding sites for CN − , namely, the lowest energy structure for CN − ͑H 2 O͒ 2 is a highly symmetric one with the two water molecules each forming H-bonding to the two ends of the solute and no interwater interactions, in contrast to the Cl − ͑H 2 O͒ 2 case. 34 For n = 3 it was found that the anion can freely "tumble" on the surface of the water trimer and that this large amplitude motion is somewhat quenched for n = 4. The existence of two hydrogen bond acceptor sites in CN − also produces a larger number of isomers than the corresponding halide-water clusters since there is now a choice of whether the cyanide ion interacts with the water network via the N or the C atom ends. In all cases the former isomers ͑N atom interacting with the water network͒ are more stable than the latter. Overall the water-water interactions prevail as larger clusters are formed resulting in structures in which the anion resides on the surface of a water cluster. This solvation motif is similar to the one previously suggested for the chloride 33, 61 and bromide 61 anions and it is consistent with the fact that the ion-water interactions are of similar magnitude for those three anions, with fluoride being the exception forming "interior" structures [61] [62] [63] that are driven by the much larger ͑almost double͒ fluoride-water bond energy, 64 which overwhelms the water-water interactions. The comparison between CN − with other diatomic hydrated clusters also having cylindrical symmetry, such as NO − , shows similar hydration motifs except for n = 2 due to the different electronic configurations between the two anions ͑CN − being a closed, whereas NO − an open shell system͒. On the other hand, significant differences were found for other anions lacking cylindrical symmetry, such as O 2 − . Excellent agreement between the calculated electron binding energies for the global minimum structures and the experimental values at T = 12 K was observed. For n = 2 and 3, the population at RT of the low-lying isomers lying within ϳ0.6 kcal/ mol above the global minimum can contribute to the broadening of the RT PES spectra at the lower binding energy side. The current study further demonstrates that the delicate balance between ion-water and water-water interactions has a profound influence on the hydration structures of gaseous hydrated clusters. It is further noted that combining accurate theoretical calculations with the temperaturedependent PES technique is a valuable approach to unravel the stepwise hydration structures of complex anions.
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